Introduction
============

The renin-angiotensin system (RAS) has generally been accepted to play an important role in blood pressure homeostasis. Renin forms angiotensin I from angiotensinogen and angiotensin I is thereafter transformed by the angiotensin converting enzyme in the biologically active angiotensin II (AT-II). AT-II is known to be vasoconstrictive and stimulates the release of aldosterone, thereby causing sodium retention. The upregulation of renin in renal artery stenosis due to the activation of the renal baroreceptor is thought to cause renal hypertension by activating the renin-angiotensin system.

NO is known as vasorelaxing molecule. In the model of 2K1C renovascular hypertension NO has been proven to be involved in maintaining blood flow. NO is thought to act as a vasodilatator and thereby to antagonise the high levels of AT-II in both kidneys \[[@B1]\]. NO measurements have shown that endogenous NO production is increased in the contralateral kidney of 2K1C rats three weeks after clipping \[[@B2]\].

The ETs comprise a group of three 21-amino acid peptides, having vasoactive, inotropic and mitogenic properties \[[@B3]\]. ET-1 acts on vascular muscle cells causing a long-lasting vasoconstriction \[[@B4]\]. Short-term renal artery stenosis in the 2K1C model of renovascular hypertension has resulted in an upregulation of renal ET1 in the clipped kidney. ET-2 was not found in rat kidneys \[[@B5]\]. Furthermore ET-1 and ET-3 seem to be regulated in opposite ways as shown in a rat renal ischemia reperfusion model 6 hours after reperfusion \[[@B5]\].

In addition, many interactions between these above compounds have been found: NO for instance down-regulates the ET-1 expression and AT-II is a known stimulator of ET-1 expression \[[@B6],[@B7]\].

Since the contribution of these different mediators in renovascular hypertension especially with regard to long-term regulation is unclear, the aim of our study was to investigate the effects of unilateral renal artery clipping, using the 2K1C-model, on renal renin, eNOS, ET-1 and ET-3 gene expression.

Methods
=======

All animal experiments were conducted according to the National Institutes of Health guidelines for the care and use of animals in research.

80 male Wistar rats, weighing 150 g, having free access to tap water and standard commercial pellet chow (Altromin C1000, Lage, Germany) were used. Unilateral renovascular clipping was induced in a total of 40 rats and a sham operation in 40 control rats. A stenosis of the left renal artery was induced by a 0.2 mm silver clip. Anaesthesia was done using methohexital (75 mg/kg IP). 8 animals of each group were sacrificed 3, 7, 12, 28 and 70 days after surgery.

Systolic blood pressure was measured using the tail cuff method (process control blood pressure 209000; TSE, Homburg/Saar, Germany) \[[@B8]\]. Blood was collected for measurement of plasma renin activity after decapitation. The kidneys were immediately removed, weighed and frozen using liquid N~2~and stored at -80°C.

Renal renin, eNOS, ET-1 and -3 and β-actin gene expression from whole kidney was analysed using RNAse-protection assays as previously reported \[[@B9]\]. β-actin was used as housekeeping gene. Plasma renin activity was measured by a commercially available ANG-I-radioimmunoassay (Diasorin, Saluggia, Italy).

Results are expressed as mean ± SEM. The Student\'s t-test was used for statistical analysis after testing for normal distribution. P values \< 0.05 were considered statistically significant.

Results
=======

Kidney weight
-------------

Kidney weight of the unclipped kidneys increased by time. It was significantly higher than the clipped kidneys starting at day 7. The contralateral (unclipped) kidney had a higher weight compared to the control group starting at day 28. The weight of the clipped kidneys was significantly lower than control starting at day 3 and did not change significantly over time (Figure [1](#F1){ref-type="fig"}).

![**Kidney weight in the 2K1C group and control group at different timepoints after surgery**. Kidney weight of the unclipped kidneys increased by time. It was significantly higher compared to the clipped kidneys starting at day 7. The contralateral (unclipped) kidney had a higher weight compared to the control group starting at day 28. The weight of the clipped kidneys was significantly lower than control starting at day 3 and did not change significantly over time (significant vs. control \*; significant vs. contralateral side \#, p \< 0.05).](2047-783X-14-12-520-1){#F1}

Blood pressure
--------------

Systolic blood pressure significantly increased in the 2K1C-group to 162.5 ± 8 mmHg on day 1, 179 ± 11 mmHg on day 2 and 189 ± 7 mmHg on day 20 after clipping, thereafter levelling off at slightly lower levels (155 ± 7 mmHg at day 40 and 149 ± 3 mmHg at day 63). The control group presented significantly lower systolic blood pressure values at every postoperative timepoint (Figure [2](#F2){ref-type="fig"}).

![**Systolic blood pressure after clipping and sham-operation**. Systolic blood pressure significantly increased in the 2K1C-group to 162.5 ± 8 mmHg on day 1, 179 ± 11 mmHg on day 2 and 189 ± 7 mmHg on day 20 after clipping, thereafter levelling off at slightly lower levels (155 ± 7 mmHg at day 40 and 149 ± 3 mmHg at day 63). The control group presented significantly lower systolic blood pressure values at every postoperative timepoint (significant vs. control \*, p \< 0.05).](2047-783X-14-12-520-2){#F2}

Plasma renin activity
---------------------

Plasma renin activity in the 2K1C-group was six times higher than in the control group at day 3. Plasma renin activity then decreased to \~3.5 fold on days 7, 12 and 28 and to \~2 fold of control group on day 70 (Figure [3](#F3){ref-type="fig"}).

![**Plasma renin activity in the clipped and unclipped group**. Plasma renin activity in the 2K1C-group was six times higher than in the control group at day 3. Plasma renin activity then decreased to about 3.5 fold on days 7, 12 and 28 and to about 2 fold of control group on day 70 (significant vs. control \*, p \< 0.05).](2047-783X-14-12-520-3){#F3}

Renin gene expression
---------------------

Renal renin gene expression was higher at all timepoints in the clipped kidney compared with the unclipped kidney and at day 3 to 28 compared to control, whereas the right contralateral kidney displayed rennin gene suppression to \~50% of control at day 3 to 12 (figure [4](#F4){ref-type="fig"}).

![**Gene expression of renin in the clipped and unclipped kidneys (K) at different time-points after surgery**. Renal renin gene expression was higher at all timepoints in the clipped kidney compared with the unclipped kidney and at day 3 to 28 compared to control, whereas the contralateral kidney displayed renin gene suppression to \~50% of control at day 3 to 12 (significant vs. control \*; significant vs. contralateral side \#, p \< 0.05).](2047-783X-14-12-520-4){#F4}

Renal ET-1 gene expression
--------------------------

Et-1 tended to increase with time in all groups. Furthermore Et-1 gene expression in the clipped kidney was higher on day 7 compared with the contralateral kidney (90.4 ± 6.7 vs. 71.2 ± 5.5; p = 0.046) (figure [5](#F5){ref-type="fig"}).

![**Gene expression of ET-1 in the clipped and unclipped kidneys (K) at different time-points after surgery**. ET-1 gene expression tended to increase with time in all groups and was significantly higher in the clipped kidney on day 7 compared with the contralateral kidney (significant vs. contralateral side \*, 90.4 ± 6.7 vs. 71.2 ± 5.5, p \< 0.05).](2047-783X-14-12-520-5){#F5}

Renal ET-3 gene expression
--------------------------

ET-3 tended to increase with time in all groups. ET-3 gene expression was significantly lower in the clipped kidneys compared with the contralateral kidney at day 3 (55.7 ± 7.7 vs. 70.6 ± 7.3; p = 0.02) (Figure [6](#F6){ref-type="fig"}).

![**Gene expression of ET-3 in the clipped and unclipped kidneys (K) at different time-points after surgery**. ET-3 gene expression was significantly lower in the clipped kidneys compared with the contralateral kidney at day 3 (significant vs. contralateral side \*, 55.7 ± 7.7 vs. 70.6 ± 7.3, p \< 0.05).](2047-783X-14-12-520-6){#F6}

eNOS Gene expression
--------------------

Renal eNOS gene expression 3 days after clipping was 255.5 ± 17.0 in the clipped kidney vs. 229.3 ± 20.9 in the contralateral kidney. On day 7 eNOS gene expression was 135.3 ± 12.6 vs. 138.4 ± 22.6. On day 12 eNOS gene expression was 274.2 ± 31.5 vs. 275.9 ± 23.7. On day 28 eNOS gene expression was 358.0 ± 77.4 vs. 309.4 ± 37.1. On day 70 eNOS gene expression was 149.3 ± 13.4 vs. 200.7 ± 48.5.

All these changes did not reach statistical significance.

Discussion
==========

The aim of our study was to determine - in contrast to most other published data that dealt with short-term effects - the long-term effects of experimental unilateral renal artery stenosis on blood pressure, kidney weight and renal renin, ETs and eNOS expression.

A significant increase in blood pressure after clipping is well known in 2K1C-rats \[[@B2],[@B10]\], making them a commonly used model of renovascular hypertension. Our data fits with other findings showing a lower, but still increased blood pressure four weeks after clipping \[[@B1]\]. Furthermore, many authors also show an increase in weight of the contralateral kidney while the weight of the clipped kidney decreased with time \[[@B11]-[@B13]\]. In contrast some authors found no change in the weight of the clipped kidney, while they also found an increase in the contralateral kidney \[[@B14],[@B15]\]. Sham-operated rats showed as expected no difference in kidney weight \[[@B16],[@B17]\].

Our findings of appropriate changes in kidney weight and blood pressure after unilateral clipping suggest effective creation of unilateral renal artery stenosis. The apparent decrease in measured systolic blood pressure on day 20 is thought to be due to a change in cuff size for blood pressure measurement with growth of rats.

Renal hypoperfusion is well-known as a stimulator of both renal renin gene expression and plasma renin activity. Several groups including ourselves have shown an increased plasma renin activity and increased ipsilateral renal renin gene expression after induction of unilateral renal artery stenosis \[[@B18]\]. Renin upregulation has generally been accepted as neurohumoral counterregulation in renal hypoperfusion to maintain post-stenotic renal perfusion and renal function.

In accordance to our findings many groups report decreasing, but still elevated plasma renin levels in the more chronic phase of renovascular hypertension \[[@B19]-[@B21]\], as well as of increased renin RNA-levels in the clipped kidney and suppressed levels in the contralateral kidney in the early phase of 2K1C-hypertension \[[@B14],[@B16],[@B20]\].

We demonstrated that renal renin gene expression is upregulated in the clipped kidney as an early and long-term adaption process to renal hypoperfusion. In parallel downregulation of the renin gene expression occurs in the unclipped kidney most presumably due to systemic hypertension again as an early- and long-term adaption process. Hypertension most probably is due to an early markedly increased plasma renin activity that declines by time but still is inadequately high when related to systemic blood pressure, and presumably goes along with sodium retention in addition to vasoconstriction.

Short-term renal hypoperfusion has resulted in an upregulation of renal ET-1 and a downregulation of renal ET-3 \[[@B22]\]. Studies in patients with angioplasty of renal artery stenosis showed inconsistent results. While one report found no change of plasma ET-1 levels after repair, another report described an increased level of ET-1 \[[@B23],[@B24]\]. In a further study no difference in plasma ET-1 levels six weeks after experimental 2K1C-clipping compared to baseline were found \[[@B10]\]. However, since endothelins are known to act mainly in an autocrine/paracrine manner, plasma levels of endothelin-1 may not be sufficient to judge whether the endothelin system is involved i.e. in the pathophysiology of unilateral renal artery stenosis. An additional paper showed that the ET-system seemed to be activated in low-renin, volume-dependent 1K1C Goldblatt rats \[[@B25]\], however this model differs in several aspects to the 2K1C model, used by us.

Our findings that there is no difference in the gene expression of ET-1 and ET-3 at day 28 and 70 suggest, that ETs might not to be involved in long-term adaptation processes. In contrast ET-1 gene expression being upregulated in the clipped kidney on day 7 and endothelin-3 being downregulated on day 3, suggest, that ETs might be involved in short-term adaptation processes right after renal hypoperfusion.

Focusing on overall renal eNOS gene expression we found no significant difference at any timepoint. This matches well with previous findings that there is no difference at any timepoint in eNOS protein expression in the left and right kidneys of 2K1C rats when the clip was removed after 6 weeks and eNOS protein expression was measured before and after unclipping \[[@B26]\]. This study \[[@B26]\] reported in addition that there are different expression patterns in medulla (down-regulation) and cortex (up-regulation), which obviously could not be detected by us when analysing whole kidney eNOS gene expression.

The analysis of eNOS expression data in eNOS and nNOS deficient mice suggests that eNOS derived NO enhances renal renin gene expression \[[@B27]\]. Barton found that renal hypoperfusion leads to a stimulation of renal eNOS gene expression \[[@B28]\]. When using pharmacological NO donors as sodium nitroprusside renin secretion is increased \[[@B29]\]. According to our results, overall eNOS gene expression seems not to be quantitatively involved in adaption processes of whole 2K1C-rat-kidneys, though recent data show clearly a protective role for NO in 2K1C hypertensive mice \[[@B30]\].

Since angiotensin II has been reported to stimulate the release of endothelin-1 \[[@B29],[@B31]\], unilateral renal artery stenosis with resulting upregulation of the renin system might result in an increased expression of endothelins. Furthermore the endothelin-system has an inhibitory influence on renin \[[@B32]\]. This fits with our findings of the upregulation of endothelin-1 while the renin activity is high in early stenosis and decreasing renin levels after activation of the endothelin-system. Although there is clear evidence for interactions between renin and the ET-system, ETs appear not to be involved in chronic long term adaptation processes after unilateral renal clipping as discussed above.

Overall, the gene expression analysis of vasoactive mediators like the ETs and eNOS in whole kidney is a limitation of this study with regard to their differential expression and regulation in cortex and medulla \[[@B26],[@B33]\].

In conclusion, we demonstrated that the 2K1C-model in male rats leads to a long-term stimulation of the renin system with ipsilateral upregulation and contralateral downregulation. ETs and endothelium derived NO seem to play no major role in chronic adaptation processes in the kidney of 2K1C-rats, although ET-1 and ET-3 might be involved in short-term adaptation processes, but their functional relevance should be confirmed in further studies, using pharmacological agonists/antagonists and/or genetic knockout models.
